One-dimensional sandwich-like wires constructed with transition metals (TM) and organic molecules, e.g., benzene (Bz ¼ C6H6), have attracted significant interest in recent years due to their one-dimensional structures, peculiar properties, and potential applications. Particularly, ferromagnetism observed in V and Bz based sandwich-like clusters (V n Bz nþ1 ) [Ref. 16] and infinite wire [V(Bz)] 1 [Ref. 22] results in their great promise as candidates for spin-polarized transport and information storage. [19] [20] [21] [22] Investigations have shown that properties of such one-dimensional wires strongly depend on both TM ions and species of organic molecules. [26] [27] [28] [29] For such one-dimensional systems, recently studies have been extended to TM-PAHs (PAHs ¼ polycyclic aromatic hydrocarbons), such as pentalene (Pn ¼ C8H6) and naphthalene (Np ¼ C10H8). [30] [31] [32] Actually sandwich-like clusters based on TM and Np or Ant were firstly synthesized in 1999. 30 Similar to [TM 2 (Np)] 1 , 32 since any two neighbouring Ants in infinite sandwich-like wires ([TM 2 (Ant)] 1 ) are connected by two TM ions (see Fig. 1(a) Table I ) is the fully relaxed lattice constant along periodic direction, and the corresponding Brillouin zones were sampled by 1 Â 1 Â 50 Monkhorst and Pack grid. 37 For the sake of simplicity, as shown in Fig. 1 , ferromagnetic (anti-ferromagnetic) coupling are denoted as F (A), and X (Y) describes the intralayer (interlayer) magnetic coupling of the TM atoms hereafter. N denotes that magnetic coupling does not exist since TM ions are in non-magnetic states. For each case, five magnetic configurations (NN,FF,FA,AF,AA) are considered, for example, as shown in Fig. 1(d Fig. 3(a) ). Both Ant and Bz (containing 14 and 6 p electrons, respectively) obey the H€ ukckel rule, according to which a stable aromatic molecule should have 4n þ 2 p electrons (n is an integer). Note that since Cp contains 5 p electrons and thus does not obey the H€ uckel rule, Cp receives one additional electron from its neighboring TM, and that charge transfer effects determine the magnetic properties of [TM(Cp)] 1 . 28 However, the magnetic behaviors of
22,28 For example, the magnetic moment of V ion, the magnetic ground state, and the electronic structure of [V 2 (Ant)] 1 (see Table I and Fig. 3(d) Fig. 3(b) , where corresponding magnetic moments and schematic occupation of valence electrons obtained by the charge transfer model are also presented. We can see that our calculated results agree well with the results of charge transfer model.
In the following, we will discuss the origin of the charge transfer of [TM 2 (Ant)] 1 . Since the HOMO-LUMO gap of Ant is 2.7 eV, which is just about half of Bz (5.5 eV), the LUMO of Ant is much closer to the HOMO of TM ions comparing with that of Bz, leading to the fact that the frontier orbital hybridization between TM and Ant is much stronger in [TM 2 To certify above discussion, we did test simulations on the properties of [V(Cor)] 1 (Cor ¼ Coronene, C24H12, with 7 Bz rings in the structure and smaller HOMO-LUMO gap than Ant and Bz). Note that Cor is an aromatic molecule and has the same symmetry (D 6h ) with Bz. The calculated results are listed in Table I , and corresponding partial DOS is shown in Fig. 3 Table II . For the last three cases, the electron populations of spin up and spin down state are, respectively, $3.04 and $1.09, which agree well with the schematic electrons distribution of V ion based on charge transfer effects (see Fig. 3(b) ). Furthermore, The M€ ulliken population ($1.09) of the spin down state of the chargetransfer dominated systems are 0.52 smaller than that (1.61) of [V(Bz)] 1 . Thus, we can confirm that the magnetic properties of [TM 2 (Ant)] 1 are determined by charge transfer effects. 28, 38 Finally, Ant can be considered as small GF with multiBzs. GF with more benzene rings, such as Cor and pentacene (Pe ¼ C22H14) can also be used to construct one-dimensional sandwich-like nanostructures and nanowires. In fact, sandwich-like clusters based on TM and Cor have already been synthesized and may also be suitable materials for spintronic devices and information recording. 39, 40 Besides the excellent stability and conductivity mentioned above, as shown in Figs. 4(a) and 4(b) , TM-GF clusters may have warped and branched structures. In Fig. 4(a) , the relaxed Sc 4 V 4 (Ant) 5 cluster is shown. As the ionic radius of Sc is larger than that of V ion, Sc 4 V 4 (Ant) 5 shows a warped structure, indicating that by co-doping and introducing TM defects, warped structures can be realized. Figure 4 (b) presents the schematic branched structure constructed with Pe, Bz, and TM. As a matter of fact, the warped and branched structures, which have already been achieved in carbon nanotubes and nanowires, are very important for the design of nanodevices and nanocircuits. 41, 42 As the HOMO-LUMO gap of GF decreases with size increasing, the charge transfer effect may hopefully also appear in 
